To determine the feasibility of quantitative ultrasonic techniques to define the composition of atherosclerotic plaques, samples of freshly excised human aortas were sewn to a sample holder and immersed in a saline bath for ultrasonic interrogation. Integrated backscatter of a 2-microsecond portion of the backscattered radiofrequency signal was measured with a 10 MHz focused transducer. Integrated backscatter was calculated by normalizing the root-mean-square voltage of the gated signal to the root-mean-square voltage obtained by replacing the tissue sample with a nearly perfect reflector. Microscopic examination of the 124 interrogated sites allowed differentiation of normal, fibrous, fibrofatty, and calcified regions. A site was considered calcified if it contained any histochemically detectable calcium. Values of integrated backscatter were markedly elevated from calcified regions (-30.0 ± 6.4 dB, n = 25; mean ± SD; p< 0.001) compared to normal (-43.2 ± 2.4 dB, n = 20) and fibrofatty ( -43.9 ± 3.4 dB, n = 43) sites. Values from fibrous regions ( -40.7 ± 3.8 dB, n = 36) were also significantly different compared with the calcified and fibrofatty regions (p<0.001). Thus, we have demonstrated that quantitative ultrasonic backscatter identifies and differentiates calcification and fibrosis in atherosclerotic sites offering promise for the noninvasive assessment of the pathologic status of the arterial wall.(Circulation Research 1987;60:459-463)
Quantitative Ultrasonic Characterization of the Nature of Atherosclerotic Plaques in Human Aorta
Benico Barzilai, Jeffrey E. Saffitz, James G. Miller A noninvasive, quantitative method is needed for ultimate application to longitudinal assess-L ment of the temporal evolution of atherosclerosis and the efficacy of therapy designed to retard or reverse atherogenesis. Although conventional ultrasonic methods are suitable for characterization of flow patterns and dimensions of vessels (pulsed and continuous Doppler and B-mode ultrasound), 1 -2 they do not characterize structural alterations of the vessel wall such as fibrosis, calcification, or deposition of lipid. Furthermore, quantification of present B-mode ultrasonic images lacks standardization and is hampered by subjectivity with which gain and energy settings are selected by the operator.
We have shown that selected quantitative ultrasonic indexes can identify structural features of tissue manifesting diverse pathophysiological processes. 3 For example, integrated backscatter, a measure of the energy efficiency of acoustic backscatter from a tissue sample, readily differentiated acutely ischemic. from normal myocardium. 4 In addition, backscatter analysis identified focal scarring and calcification in myocardium from cardiomyopathic Syrian hamsters. 5 Thus, integrated backscatter provides a sensitive index of altered tissue structure.
Because it entails reflected rather than transmitted ultrasound, integrated backscatter can be utilized to evaluate the physical properties of arterial walls in a fashion analogous to that employed with B-mode ultrasound. Accordingly, the present study was performed as the first step in the development of a noninvasive approach for quantitative ultrasonic characterization of pathologic changes in atherosclerotic aortas. Results of ultrasonic interrogation of excised diseased human aortas in vitro indicated that integrated backscatter readily differentiates calcific and fibrous lesions in atherosclerotic plaques from normal tissue.
Materials and Methods

Ultrasonic Methods
Abdominal aortas were selected as the source of atheromatous material for this study because 1) they are readily available at autopsy; 2) the aortas can be opened longitudinally and spread out to provide a flat surface that is roughly perpendicular to the ultrasound beam; and 3) abdominal aortas of elderly individuals usually contain multiple intimal plaques of disparate composition in a single specimen.
Fresh segments of human abdominal aortas were obtained at autopsy within 16 hours of death. Full thickness samples (approximately 3 x 5 cm) containing a wide range of intimal lesions were excised, sewn (intimal surface facing up) to a stainless steel sample holder, immersed in a saline bath (20° C), and positioned at the focus of the transducer. Manipulation of the sample holder was performed with an X-Y-Z micropositioner (Deltron, Brookfield, Conn., 2.5 cm travel, 0.025 mm accuracy). A perpendicular angle of incidence between the ultrasonic beam and the surface of the aorta was maintained constant despite the translational motion of the micropositioner.
A block diagram of the data acquisition system is shown in Figure 1 . Ultrasonic backscatter was measured with a broadband, focused piezoelectric trans- ducer (Panametrics, Waltham, Mass., 1.25 cm diameter, 5 cm focal length, 10 MHz nominal center frequency) acting as both transmitter and receiver. Although the beam width at the focal zone of this broadband ultrasonic system is a function of frequency, the typical beam width employed was less than 1 mm. A pulser/receiver pair (Nortek, Kennewick, Wash., model nos. MP215, MR 106) with a 60 MHz bandwidth was utilized to transmit and receive the pulses at a 2 KHz repetition rate. A 2-microsecond portion (1.5 mm) of the backscattered radio frequency signal located 500 nanoseconds behind the initial echo emanating from the intimal surface was selected with the use of an electronic gate (Nortek, model no. MG 701). The length of the gate was selected to avoid the specular echo from the adventitial surface of the artery. After suitable amplification, the total pulse energy was measured with a true root-mean-square voltmeter (Hewlett Packard, Palo Alto, Calif., model no. 3403 A) with a technique analogous to that used by Shung, Sigelmann, and Reid. 6 Integrated backscatter was calculated by normalizing the value obtained with the tissue in place with respect to the value of the total energy backscattered in the gate obtained when a stainless steel plate was inserted in place of the tissue sample. Two straight pins were placed in the tissue sample as reference points for demarcation of the area in which ultrasonic interrogation was performed. Eighteen sites ( 9 x 2 array) 2.5 mm apart were interrogated ultrasonically in each of the first 2 specimens. Subsequently, 16 sites (4 X 4) 5 mm apart were interrogated in the next 6 specimens (beam width < 1 mm). Following acquisition of ultrasonic backscatter data, straight pins were inserted through the specimen to mark the exact location of each site of ultrasonic interrogation. After fixation of the tissue in 10% buffered formalin for 24 hours, the pins were removed, leaving behind full thickness channels (approximately 0.5 mm in diameter). Because insertion of the pins resulted in only modest displacement rather than removal of adjacent tissue, the tissue interrogated by the ultrasonic beam was easily identified as that surrounding each channel in subserial sections.
The tissue was processed conventionally for light microscopy and embedded in paraffin. Each paraffinembedded block was sectioned in its entirety (section thickness = 8 fJ.m). The first and second serial sections were collected from each set of 20 sections and placed on separate glass slides. Thus, a pair of serial sections was collected every 160 /um. One section from each pair was stained with hematoxylin-eosin to assess general structural features, and in selected cases, the re-maining sections were stained with Masson's trichrome or Von Kossa stains to delineate fibrous tissue and calcium, respectively.
The structural composition of the aortic wall at each site of ultrasonic interrogation was determined by sequential examination of the subserial sections of each specimen. Specific regions in the arterial wall examined ultrasonically were grouped into 4 histologic categories: 1) normal, 2) fibrous, 3) fibrofatty, and 4) calcified. Normal areas exhibited a thin intima consisting of endothelium, basement membrane, and a modest lamina propria. Fibrous sites exhibited a greatly thickened intima composed almost exclusively of densely packaged collagenous tissue. Typically, fibrous areas were observed at the periphery of large plaques containing central necrotic cores. Fibrofatty lesions were distinguished from purely fibrous areas by the presence of a necrotic core containing abundant extracellular lipid. In advanced lesions, the necrotic core was prominent and contained typical cholesterol clefts. More commonly, however, fibrofatty areas contained pale-staining necrotic cores with increased extracellular lipid but without the formation of cholesterol clefts. All areas judged to be fibrofatty on the basis of a lipid-rich necrotic core were covered by dense collagen of the fibrous cap. A site was considered calcified if it contained any histochemically detectable calcium.
Statistical Methods
Because the data did not satisfy the equal variance assumption required for an analysis of variance, the analysis was performed using a nonparametric approach. The data were ranked from smallest to largest, and the ranks were transferred to normality by the method of Blam as implemented in the rank procedure 7 of the Statistical Analysis System (SAS). This procedure produced a dataset with 4 groups, each of which satisfied the assumptions necessary for an analysis of variance that was applied to the transformed ranks of the original data set. Because multiple comparisons were performed, a modified t test utilizing the Bonferoni procedure was performed.
Results Mean values of integrated backscatter for the 4 histologic groups are listed in Table 1 . The mean values of integrated backscatter for the normal (// = 20) and fibrofatty (n = 43) sites were nearly identical ( -4 3 . 2 ± 2.4 db and -4 3 . 9 ± 3.4 db, respectively, mean ± SD). However, in regions with fibrous thickening ( -40.7 ± 3.8 db; n = 36) values were increased significantly compared with those in fibrofatty regions (p< 0.001). The difference between normal and fibrofatty regions approached but did not reach statistical significance (p = 0.024 before Bonferoni procedure) presumably because of the relatively modest number of lesions analyzed. The sites with calcification detected microscopically exhibited marked elevation of integrated backscatter ( -3 0 . 0 ± 6 . 4 db) (p< 0.001) compared with values from the other 3 histologic groups.
To depict the nature of these differences, a histogram was constructed of the number of sites exhibiting backscatter values over a 2 db range (e.g., number of sites between -36 and -38 db) for the normal and calcified regions ( Figure 2 ). The normal regions were distributed over a narrow range. In contrast, the values of integrated backscatter were distributed over more than a 20-decibel range. Despite this spread, only 3 of the calcified regions displayed values below -38 db (more negative). Values in all of the normal regions were below -38 db.
Representative examples of the 4 histologic categories with their corresponding values of integrated backscatter are shown in Figure 3 . The extent of calcification (of calcified sites) ranges from rigid dense calcification of the intima (Panel A) to multifocal collections of microscopic calcific particles present in the necrotic core at the base of a plaque (Panel B). Generally, sites with calcification only visible microscopically displayed lower values of integrated backscatter than sites with macroscopic calcification. The examples of fibrofatty sites depict the spectrum of extracellular lipid deposition for that histologic category. An advanced fibrofatty lesion containing a prominent necrotic core with typical cholesterol clefts is shown in Panel C. No cholesterol clefts are present in the example depicted in Panel D though increased extracellular lipid is present in the pale-staining necrotic core. The fibrous lesion (Panel E) typifies the thickened intima characteristics of this histological group compared to the thin intimal layer of the normal site (Panel F).
Discussion
Evaluation of therapeutic modalities directed toward interrupting or retarding atherogenesis is hampered greatly by the lack of reliable, noninvasive means for monitoring progression or regression of disease. High resolution real-time imaging of peripheral vessels with ultrasound has developed rapidly as a clinical tool for detection of atheromatous plaques. Noninvasive characterization of the physical state of the tissue with quantitative ultrasound holds promise for the extension of the diagnostic power of conventional B-mode scanning analogous to that anticipated for myocardial tissue characterization. 3 Identification of the predominant tissue component in potential sites with atherosclerotic lesions may permit characterization of the natural history of plaques. In the present study, we have demonstrated as a first step that calcification and fibrosis can be identified and differentiated in vitro with quantitative ultrasonic techniques. More than a 10 db average increase in integrated backscatter was evident from sites with histologically demonstrable calcium compared with fibrous, fibrofatty, and normal regions. Furthermore, fibrous regions were differentiated from fibrofatty regions.
The increase of integrated backscatter associated with fibrosis and calcification agrees with our previous results delineating determinants of the ultrasonic properties of myocardium. Measurements performed in hearts from dogs with remote infarction demonstrated increases in the ultrasonic backscatter coefficient and the attenuation coefficient in regions of infarction. 8 Furthermore, in studies of the relation between ultrasonic properties and tissue collagen content in isolated perfused rabbit hearts assessed 5-7 weeks after coronary occlusion, a 6 db decrease of the backscatter at 2.25 MHz was evident in regions of infarction in collagenase-perfused hearts compared with buffer-perfused tissue. 9 Thus, intact rather than fragmented collagen appears to be an important determinant of ultrasonic backscatter. Ultrasonic characterization of hearts from cardiomyopathic Syrian hamsters, a species afflicted with a well-defined genetic disorder that results in both calcification and fibrosis, extended the application of ultrasonic methods to histopathologic states with microscopic calcification. Values of integrated backscatter were elevated in regions of focal calcification and fibrosis assessed histopathologically. 5 Wolverson et al applied the principles of ultrasonic tissue characterization to the assessment of atherosclerotic plaque of excised human aortas and iliac vessels. Specimens were opened longitudinally and scanned with a commercially available high resolution realtime scanner. In keeping with results of our study, regions of dense fibrosis and/or calcification appeared more echogenic than adjacent tissue while large aggregates of lipid within fibrofatty plaques appeared less echogenic. 10 However, the methods used did not permit quantification of acoustic properties.
Picano et al attempted to quantify echoes emanating from atherosclerotic regions. Initially, two ultrasonic indexes, V max (peak amplitude value) and integrated backscatter index, defined as the integrated value of the FFT spectrum of the gated signal, were measured from 200 fixed aortic wall specimens." Subsequently, they measured the backscatter coefficient at 10 MHz of fresh, nonfixed aortic specimens. 12 The following methodologic differences may explain the differences between their results and our observations with respect to fibrofatty lesions. They utilized a weakly focused, small diameter transducer (0.5 cm, 8 cm focal distance) with a 4-mm beam width while a focused transducer with a smaller beam width (less than 1 mm) was utilized in this study. The full thickness of the sample was encompassed by their electronic gate requiring a normalization process for varying volumes of tissue interrogated. In contrast, a constant volume of tissue was interrogated in our study. These differences in methodology may explain why fibrofatty lesions ex-hibited elevated values of backscatter coefficient in the work of Picano et al, whereas fibrofatty lesions in our study exhibited backscatter similar to that from normal zones. Many reports in the ultrasound literature attest to low levels of echoes emanating from lipomas or subcutaneous adipose tissue. However, Behan and Kazam have reported that most fatty tumors as well as fatty infiltration of the liver have demonstrated increased echogenicity. 13 Glancy et al have shown that balloons filled with suspensions of cholesterol crystals were much more echogenic than balloons filled with bovine serum albumin. 14 These results suggest that the packaging of the lipid material is important. Cholesterol crystals suspended in water are probably echogenic because of multiple water-fat impedance mismatches. However, the composition of lipid material in atherosclerotic lesions is such that the local impedance mismatches may occur only at the border of the necrotic core with the fibrous cap. Consequently, with the method of ultrasonic analysis employed in our study the higher backscattered signal emanating from the fibrous region is integrated with the lower backscattered signal from the lipid core presumably resulting in net values of integrated backscatter similar to those of normal regions.
The present study was undertaken as a first step in the development of a noninvasive tool for the characterization of the arterial wall. It was designed to define the acoustic properties of atherosclerotic plaques with differential biochemical composition. The technical difficulties associated with the attenuation of the intervening tissue or with the motion of the vessel wall were avoided purposefully to facilitate clear delineation of the physical properties of the tissue itself. A 10 MHz broadband transducer was utilized because state-of-the art vascular imagers utilize transducers in this frequency range. 15 Application of the technique developed for characterization in vivo will require methods for the compensation of effects of intervening tissue and tracking of motion of the vessel wall (e.g., coupling of quantitative ultrasonic characterization with real-time two-dimensional imaging). Nevertheless, we have been able to make substantial progress toward the development of a real-time system for quantitative myocardial imaging that incorporates techniques potentially applicable to vascular imaging after appropriate modification. 16 The results of this study demonstrate that quantitative ultrasonic techniques differentiate atherosclerotic plaque -fibrosis and calcification from normal tissue zones in excised human aorta. Values of integrated backscatter are increased in lesions exhibiting these histopathologic features of atherosclerosis. High resolution real-time scanners under development offer promise of providing reliable, noninvasive means for monitoring the response of atherosclerotic lesions over time to selected potentially therapeutic interractions.
